C ardiac muscle is especially sensitive to alterations in energetic homeostasis because of the high ATP demands of rhythmic contraction. 1 The heart initially responds to increased demands by using local ATP stores and anaerobic metabolism; however, persistent increases are met by sustained aerobic ATP production through increased mitochondrial oxidative phosphorylation and changes in mitochondrial dynamics (fission, fusion, mitophagy, and biogenesis). 2, 3 In the heart, mitochondrial fission and subsequent fragmentation are usually the result of pathological stressors, such as ischemia, and are an indicator of dysfunctional mitochondria.
C ardiac muscle is especially sensitive to alterations in energetic homeostasis because of the high ATP demands of rhythmic contraction. 1 The heart initially responds to increased demands by using local ATP stores and anaerobic metabolism; however, persistent increases are met by sustained aerobic ATP production through increased mitochondrial oxidative phosphorylation and changes in mitochondrial dynamics (fission, fusion, mitophagy, and biogenesis). 2, 3 In the heart, mitochondrial fission and subsequent fragmentation are usually the result of pathological stressors, such as ischemia, and are an indicator of dysfunctional mitochondria. 4, 5 However, recent studies have shown that inhibiting fission also results in cardiac impairment, [6] [7] [8] [9] suggesting that fission is also important for maintaining normal mitochondrial homeostasis. Song et al 10 have shown that conditional Drp1 (dynamin-related protein) knockout (Drp1 −/− ) mice have preserved mitochondrial function but increased mitophagy and eventual heart failure. Others have shown that disruption of fission results in the accumulation of dysfunctional mitochondria. 11 In contrast, the Drp1 inhibitor Mdivi-1 (mitochondrial division inhibitor) decreases mitophagy and rescues pressure overload-induced heart failure. 12 It has also been proposed that, in cardiomyocytes, fission does not substantially alter mitochondrial morphology but is mainly required to facilitate clearance of dysfunctional mitochondria through asymmetrical division and mitophagy. 8, 10 Because these studies have all relied on transgenic manipulation of dynamic regulators, such as Drp1, or were done in the context of pathology such as ischemia, the role for mitochondrial fission as a normal cardiac physiological adaption is still unknown.
Several studies in skeletal muscle suggest, but do not confirm, a role for mitochondrial dynamics in maintaining energetic homeostasis. Kitaoka et al 13 investigated simulated resistance exercise in gastrocnemius muscle and showed increased Drp1 phosphorylation at Serine 616, suggesting activation of mitochondrial fission. Picard et al 14 subjected mice to voluntary treadmill exercise for 3 hours, and although they found no change in regulators of mitochondrial dynamics, they did find increased mitochondrial interactions, suggesting active remodeling of skeletal muscle mitochondria. Finally, Feng et al 15 showed that during early exercise, expression of fission mediator Fis1 (mitochondrial fission 1 protein) is increased in skeletal muscle, suggesting a role for physiological mitochondrial fragmentation in maintaining bioenergetics during normal physiological stress. Although these studies support the role of mitochondrial dynamics in skeletal muscle energetic adaptation to exercise, they do not confirm whether mitochondrial dynamic processes, such as fission and fusion, are necessary components for exercise performance. Skeletal muscle is also different from cardiac muscle both in sarcomere morphology and function and in mitochondrial organization and density. 16, 17 Only 1 study has been performed in cardiac muscle, by Dworatzek et al, 18 who showed that 8 weeks of exercise conditioning increased cardiac mitochondrial number and decreased their size. In the current study, we sought to determine whether mitochondrial fission and fragmentation occur in the heart as a physiological adaptive response to acute submaximal exercise, whether it is required to meet the increased bioenergetic demands of normal levels of exercise, and the similarities and differences between exercise-induced and pathological-induced fragmentation.
Methods

Data and Material Availability
Microarray data have been submitted to the National Center for Biotechnology Information Gene Expression Omnibus database in MIAME format. Request for data can be addressed to corresponding author.
Please refer to the Materials and Methods section in the Online Data Supplement for a detailed description of the experimental method.
Animal Protocols
Male 8-to 10-week-old FVB/NJ mice were obtained from the Jackson Laboratory (Bar Harbor, ME). Mice were subjected to exercise on a treadmill equipped for simultaneous measurement of Vo 2 and Vco 2 (Columbus Instruments, Columbus, OH), and distance ran and respiratory exchange ratio were determined using our established protocols. 19 Mice were exercised using 2 different protocols. First, submaximal exercise was performed for 1 hour at a speed of 20 m/min with a constant grade of 5°. Exercise capacity using this protocol was assessed by running mice to exhaustion at a speed of 20 m/min at a constant grade of 5° and recording total distance ran. Second, maximal exercise capacity was assessed using a protocol that incrementally increased the degree of elevation by 2° and the speed by 2 m/min every 3 minutes. Exercise time was determined as the time until exhaustion or 10 seconds while resting on the shock grid. Exercise distance was calculated as the total vertical distance traveled (meters)=treadmill speed (meters/min)×percent grade (Sin θ)×exercise time (min). Work (Joules) was calculated as the body weight (kg)×total vertical distance traveled (meters)×9.8.
β-Adrenergic Signaling and Mitochondrial Dynamics Modulation
To assess subtype-specific β-adrenergic receptor (AR) signaling, we used β2-AR knockout ( −/− ) mice generated on an FVB background in our laboratory. 20 To assess mitochondrial fission, mice were treated with the Drp1-Fis1 inhibitor P110, provided by Dr Daria Mochly-Rosen (0.5 mg/kg) or Mdivi-1 (25 mg/kg) by intraperitoneal Nonstandard Abbreviations and Acronyms AR adrenergic receptor Drp1 dynamin-related protein 1
Novelty and Significance
What Is Known?
• Mitochondrial fission/fragmentation occurs in response to pathological stimuli.
• Pathological mitochondrial fission/fragmentation is associated with decreased mitochondrial function and the elimination of damaged mitochondria through mitophagy and cell death.
What New Information Does This Article Contribute?
• Mitochondrial fission/fragmentation occurs in the heart in response to normal physiological stimuli, such as routine exercise.
• Physiological mitochondrial fission/fragmentation is associated with enhanced mitochondrial function and does not activate mitophagy.
• Physiological mitochondrial fission/fragmentation is an adaptation to enhance energy delivery to meet increased demands and is required for reaching maximal exercise capacity.
Mitochondrial dynamics (fission, fusion, mitophagy, and biogenesis) are important mediators of tissue homeostasis. In the heart, pathological stress, such as ischemia, induces mitochondrial fission/fragmentation and is associated with decreased mitochondrial function, increased oxidative stress, and activation of mitophagy. In contrast, the role of mitochondrial dynamics in normal cardiac physiology is not well understood. We studied the role of mitochondrial dynamics in normal physiological stress, such as occurs during routine exercise. We found that mitochondrial fission/fragmentation occurs in response to exercise but is associated with enhanced rather than degraded mitochondrial function, absence of oxidative stress, and inhibition of mitophagy. This physiological fragmentation is mediated, in part, by β1-adrenergic stimulation and activation of profission dynaminrelated protein 1. Physiological fragmentation is required for achieving maximal exercise capacity: pharmacological inhibition or genetic ablation of dynamin-related protein 1 significantly reduces exercise capacity. Thus, mitochondrial fission/fragmentation is not only a pathological process but also a physiological one that is activated during exercise to maintain cardiac energetic homeostasis. Given the known benefits of exercise on cardiovascular health, these findings suggest that mitochondrial fission may be a promising pathway that can be targeted to simulate the beneficial effects of exercise. 
Statistical Analysis
Data are expressed as the mean±SEM. Normally distributed data comparing 2 groups were analyzed by Student t test. Normally distributed data comparing multiple groups were analyzed by ANOVA with multiple comparisons analysis (Tukeys). Nonparametric data comparing 2 groups were analyzed using the Mann-Whitney U test. Statistical analysis of microarray data was performed using Stanford microarray database software and the Significance Analysis of Microarrays, Database for Annotation, Visualization, and Integrated Discovery, HiThroughput GOMiner, and TIGR TM4 software. Multiple comparisons were accounted for by false discovery rate analysis, and genes were considered significantly altered with a P<0.01 by Fisher exact test. To control for multiple comparisons, we required a false discovery rate of 5%. Microarray data have been submitted to the National Center for Biotechnology Information Gene Expression Omnibus database in MIAME format.
Results
Exercise Induces Physiological Mitochondrial Fragmentation
In mice subjected to submaximal treadmill exercise for 1 hour, 19 cardiac mitochondria demonstrated significant fragmentation: increase in number and decrease in area and perimeter by quantitative electron microscopy ( Figure 1A ). We confirmed exerciseinduced mitochondrial fragmentation using flow cytometry side scatter area, showing that mitochondria from exercised mice were smaller in size versus sedentary controls ( Figure 1B ). Side scatter area results were validated by calibrating with beads of known size (2, 1, 0.5, 0.2 μm; Online Figure I ). Evidence of mitochondrial fission can be confirmed by translocation of the mitochondrial fission mediator Drp1 from the cytosol to the mitochondrial fraction. 22 Purity of our mitochondrial fraction was assessed by low abundance of the cytosolic protein α actinin and robust abundance of mitochondrial Vdac1 (voltage-dependent anion-selective channel 1). Exercise induced mitochondrial translocation of the profission mediator Drp1 ( Figure 1C) and phosphorylation of the fission activating site Drp1 Serine 616 ( Figure 1D ). The profission AMP-activated protein kinase was activated, as evidenced by phosphorylation at the activating site Thr172 ( Figure 1D ); total AMP-activated protein kinase expression was unchanged (increased but did not reach statistical significance). In contrast, the profusion mediator mitofusin 2 was unchanged ( Figure 1C ). After 1 hour of recovery from exercise, mitochondrial architecture begins to revert to sedentary morphology ( Figure 1A ).
To highlight differences between physiological and pathological mitochondrial fragmentation, we compared exercise to a model of pathological fragmentation, doxorubicin cardiotoxicity. Doxorubicin has been shown to induce mitochondrial fission and fragmentation associated with mitochondrial dysfunction. 23, 24 During pathological fragmentation (Online Figure  IIA) , mitochondrial oxidative stress is increased (Online Figure  IIB) . 25 In contrast, in exercise-induced physiological fragmentation, levels of oxidative stress (4-HNE [4-hydroxynonenal] lipid peroxidation and MitoSox [mitochondrial superoxide indicator]) were unchanged ( Figure 2A ). In pathological fragmentation, membrane potential (Δψm) is decreased, increasing PINK1 (PTEN-induced putative kinase 1) accumulation on the mitochondrial membrane, resulting in translocation of parkin, accumulation of LC3 (Online Figure IIC) , and activation of mitophagy. [26] [27] [28] [29] [30] [31] In contrast, during physiological fragmentation, Δψm was preserved ( Figure 2B ). Furthermore, Δψm remained normal even when isoproterenol was added to simulate the hypersympathetic state during exercise. Preservation of Δψm prevented mitochondrial PINK1 accumulation and recruitment of parkin ( Figure 2C ), typical of pathological fragmentation and markers of mitophagy. 7, 32 Finally, pathological fragmentation is associated with decreased mitochondrial function (Online Figure  IIB) , whereas physiological fragmentation is associated with enhanced mitochondrial function ( Figure 2D ). We have previously shown similar deleterious effects of pathological fragmentation in models of diabetes mellitus 33 and ischemia reperfusion. 34 We next sought to determine whether the absence of autophagy in our studies was reflective of a true failure to activate autophagy or was related to an increase in autophagic flux by treating with chloroquine. Although LC3-I, LC3-II, and P62 levels were similar between chloroquine-treated exercised and sedentary mice, we could not see enhanced LC3/P62 accumulation with chloroquine alone, therefore we cannot exclude a change in autophagic flux in our model. To evaluate an additional end point for autophagy activity, we assessed the activation state of the proautophagy protein ULK1 (Unc-51 like autophagy activating kinase) 35 and found dephosphorylation at the activating site Ser555, another confirmation of the inactivation of autophagy ( Figure 2E) . A previously published exercise study showed evidence for activation of autophagy, but this study used a more extreme level of exercise, beyond Vo 2 max and anaerobic threshold. 36 This suggests that there may be tiered levels of mitochondrial fission during exercise, where a low grade of fission (physiological fragmentation) may be beneficial during submaximal exercise (as normally experienced by exercising humans). In contrast, a higher grade of fission during extreme exercise (as experienced during laboratory exercise stress testing or marathon running) might be at least partly detrimental. To address this question, we compared tissues from mice subjected to submaximal (1-hour exercise) and those from mice subjected to extreme/ maximal (run to exhaustion, beyond anaerobic threshold) exercise. We found a similar increase in total mitochondrial number in both exercise groups compared with sedentary mice (Online Figure IIIA) . Similar to submaximal exercise, this was associated with Drp1 translocation to the mitochondrial fraction (Online Figure IIIB) . These data confirm that mitochondrial fission also occurs with extreme/maximal exercise. Again, we found no change in LC3 or P62 with submaximal or maximal exercise (Online Figure IIIC) . Similarly, parkin was not increased; however, the decrease in parkin translocation to the mitochondria that was seen with submaximal exercise ( Figure 2C ) was not seen with extreme/maximal exercise (Online Figure IIIB) . Together, these data suggest that mitophagy and autophagy do not occur during either submaximal or extreme/maximal exercise. It still remains possible that a tiered level of exercise-induced fission may occur, where normal physiological levels of exercise induce physiological fragmentation and extreme/maximal exercise induces features of both physiological and pathological fragmentations; however, we have not been able to induce pathological fission with either form of exercise.
Physiological Mitochondrial Fragmentation Is Required for Maximal Exercise Performance
To determine whether physiological fragmentation is necessary to achieve maximal exercise performance, mice were treated with P110, 19 which inhibits fission by blocking the interaction between Drp1 and Fis1 preventing Drp1s mitochondrial translocation ( Figure 3A) . 37 Mice were then subjected to both submaximal and maximal exercise capacity tests. P110 treatment resulted in a 45% decrease in submaximal exercise time and 45% decrease in submaximal exercise distance ( Figure 3B ). To best control for any differences in weight, we determined total work (J) and found that P110-treated mice had a 38% decrease in submaximal exercise Mitochondrial morphology returned to the sedentary state after 60 min of post-EX rest (n=4 biological replicates/group, at least 10 fields/ subject were averaged for each biological replicate). B, Mitochondrial size was assessed by flow cytometry as side scatter area (SSA). Isolated mitochondria from EX mice were smaller than sedentary (SED; n=4/group). C, Profission Drp1 (dynamin-related protein 1) is increased in mitochondrial fractions while profusion Mfn 2 (mitofusin 2) is unchanged (n=8/group). D, Activating Drp1 phosphorylation site serine 616 and AMPK (AMP-activated protein kinase) phosphorylation site Thr172 is also increased with EX in whole-heart fractions, along with a marginal but nonsignificant increase in total AMP-kinase (n=5/group). January 19, 2018 work. Similarly, P110-treated mice subjected to a maximal exercise capacity test had a 16% decrease in maximal exercise time, 37% decrease in distance, and 38% decrease in total work ( Figure 3C ). P110-treated mice also reached anaerobic threshold (respiratory exchange ratio >1.0) earlier than vehicle-treated mice, demonstrating that blocking mitochondrial fission during exercise results in earlier use of oxidative phosphorylation-independent (anaerobic) ATP production. During early stage exercise (first 5-10 minutes), P110 did not affect respiratory exchange ratio (Online Figure IV) , evidence that physiological fragmentation becomes important only after a more prolonged increase in energy demand. Both submaximal and maximal exercise capacity tests induced mitochondrial fragmentation. Submaximal exercise-induced fragmentation was completely blocked by P110 treatment while maximal exercise-induced fragmentation was partially blocked ( Figure 3B and 3C) , further demonstrating the requirement for physiological mitochondrial fission to reach maximal exercise capacity. Because fission can also occur through Fis-1-independent mechanisms, 38 we confirmed the role of Drp1 in physiological fragmentation using the Drp1 GTPase inhibitor Mdivi-1. Similar to P110, mice treated with Mdivi-1 had decreased maximal exercise capacity (Online Figure V) . Finally, to confirm the role of cardiac, as opposed to skeletal muscle, mitochondrial fragmentation in adaptation to exercise, we used conditional cardiac-specific Drp1 −/− mice. 6, 21 Ablation of Drp1 was induced with tamoxifen (20 mg/kg) for 5 days, and mice were subjected to a maximal exercise capacity test on day 7. Drp1 +/+ Cre +/+ and Drp1 −/− Cre −/− were used as controls and were also exposed to tamoxifen for 5 days and subjected to an exercise capacity test on day 7. Drp1 was absent in cardiac tissue but not in skeletal muscle ( Figure 4A ; Online Figure VIA ) and was the only mitochondrial dynamic regulator decreased as mitofusin 1 and 2, LC3, and parkin remained unchanged (Online Figure VIB) . Although long-term knockout of Drp1 can have deleterious effects, 6,10 this brief period of ablation did not affect mitochondrial reactive oxygen species (ROS), membrane potential, or baseline cardiac function (ejection fraction and cardiac output; Online Figure VIC and VID). Similar to P110 treatment, cardiac-specific Drp1 −/− mice subjected to a maximal exercise capacity test resulted in a 24% decrease in exercise time, 38% decrease in exercise distance, 58% decrease in total work, and a shorter time to reach anaerobic threshold ( Figure 4C ). As expected, maximal exercise induced mitochondrial fragmentation in exercised Drp1 +/+ mice, which was blocked in exercised Drp1 −/− mice ( Figure 4D ). Of interest, exercised Drp1 −/− mice exhibited large, highly abnormal mitochondria, some extremely elongated and others with multiple finger-like projections ("puzzle piece mitochondria"), which we speculate are related to an incomplete stimulus for fission ( Figure 4C ; Online Figure VII) . To confirm that these abnormal mitochondria were a result of exercise and not because of the gene knockout itself, we compared sedentary Drp1 +/+ mice to sedentary Drp1 −/− mice and found no change in mitochondrial morphology, confirming that this abnormal mitochondrial phenotype occurs only in response to exercise ( Figure 4C ). As expected, sedentary Drp1 −/− had a 40% reduction in state 3 mitochondrial respiration, similar to that previously described. 6 Interestingly, exercised Drp1 −/− mice had a dramatic 65% reduction in state 3 , indicating a markedly compromised response to energetic stress ( Figure 4D ).
β1-AR Signaling Induces Physiological Mitochondrial Fragmentation and Enhances Mitochondrial Function
The sympathetic nervous system is a principal mechanism for meeting the hemodynamic demands of exercise, increasing heart rate and contractility, both of which increase energetic demands. This response is mediated by β-AR signaling, 39 largely through protein kinase A-mediated increases in intracellular calcium, a regulator of both mitochondrial ATP production and mitochondrial dynamics. 40 To examine the role of β-AR signaling in mitochondrial fragmentation, HL-1 cardiomyocytes were labeled with MitoTracker and treated with a physiological dose (10 µmol/L) of the β-AR agonist isoproterenol for 1 hour, which resulted in increased fragmentation ( Figure 5 ). The β1-AR antagonist CGP 20712A (300 nmol/L) blocked isoproterenol-induced fragmentation whereas the β2-AR antagonist ICI 118 551 (300 nmol/L) did not, demonstrating β1-AR subtype-specific regulation of mitochondrial dynamics.
To assess whether this in vitro model of physiological mitochondrial fragmentation is associated with enhanced mitochondrial function, respiration was assessed by Seahorse oximetry. Isoproterenol induced a dose-dependent increase in basal respiration (before oligomycin), maximum respiratory capacity (after FCCP [carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone]), and ATPase-driven respiration (ΔOCR Basal-Oligo; Figure 6A ). CGP 20712A blocked the effects of isoproterenol on respiration, whereas ICI 118 551 intriguingly increased basal, maximal, and ATPase-driven respiration above isoproterenol alone ( Figure 6B ), likely a result of the elimination of β2-AR-G-inhibitory protein (Gi) signaling. 41 Similar to exercise, isoproterenol stimulated Drp1 mitochondrial translocation, and this was blocked by CGP 20712A (Figure 6B ). Confirming the role of β1-AR signaling in energy production, isoproterenol significantly increased ATP production ( Figure 6B ).
We also assessed the role of β3-adrenergic receptor signaling because it is also stimulated by isoproterenol and has been shown to play a role in modulating mitochondrial dynamics in skeletal muscle and brown adipose tissue. 42 We pre-treated cells with 1 μmol/L of the β3-AR antagonist L748 337 43, 44 or the β1/β2 antagonist propranolol 45 for 30 minutes before isoproterenol exposure. We found that inhibition of β3-AR signaling (L748 337+isoproterenol) resulted in a synergistic increase in respiration, similar to that seen with the β2-AR antagonist ICI 118 551 while activation of only the β3-AR (propranolol+isoproterenol) resulted in a dramatic decrease in respiration ( Figure 6C ). These results demonstrate that β3-AR signaling opposes β1-AR-induced physiological fragmentation. Previous reports have shown that β3-ARs, similar to β2-ARs, can couple to the inhibitory protein, Gi 46 and also promote promitofusion pathways. 42 To confirm the connection between β-AR signaling and mitochondrial fission-enhanced respiration, we pre-treated cells with 30 μmol/L of the mitochondrial division inhibitor Mdivi-1 for 30 minutes before isoproterenol exposure and assessed respiration. Pre-treatment with Mdivi-1 resulted in a significant decrease in respiration ( Figure 6D ), confirming the connection between βAR signaling, mitochondrial fission, and enhanced mitochondrial respiration.
Because HL-1 cells are an immortalized cell line, we next determined whether similar changes in mitochondrial morphology and function were observed in a primary cardiac myocyte culture. Cardiac myocytes were isolated from adult mice and treated with 10 μmol/L isoproterenol for 1 hour. Electron microscopy again showed significant mitochondrial fragmentation with increased number and decreased area and perimeter (Online Figure VIIIA) . Mitochondrial function, assessed by Oroboros oxygraph, showed a significant increase in both basal and maximal oxygen consumption (Online Figure VIIIB) . Thus, mitochondrial fragmentation induced by physiological level β1-AR signaling increases mitochondrial function, additional evidence that mitochondrial fragmentation can be associated with enhanced and not degraded mitochondrial function in the heart.
Deletion of the β2-AR In Vivo Results in Drp1-Mediated Mitochondrial Fission and Enhanced Exercise Capacity
To provide additional in vivo evidence for β1-AR-mediated mitochondrial fragmentation, we evaluated β2-AR knockout mice (β2 −/− ). These mice are a model of chronic physiological level β1-AR signaling, without alterations in β1-receptor density or function, and without the counterbalancing effects of β2-ARs and β2-AR-Gi signaling.
20,41 Importantly, we have previously shown that β2 −/− mice have normal cardiac structure and function and normal survival. 20 Consistent with our in vitro results, β2-AR −/− mice show marked mitochondrial fragmentation ( Figure 7A ), Drp1 translocation, and downregulation of mitophagy regulators PINK1 ( Figure 7B ). Of 35 mitochondrial-related genes identified as upregulated or downregulated using a genome-wide screen (Online Table I ), the only regulator of mitochondrial dynamics changed was beclin-1, and this mitophagy mediator was downregulated, suggesting that transcriptional regulation of mitochondrial dynamic regulators is not the principal mechanism underlying chronic β-AR-induced changes in mitochondrial dynamics. Importantly, despite marked fragmentation in the β2 −/− , mitochondrial function was not impaired at baseline (Figure 7C) , and β2 −/− mice have enhanced exercise running time, distance, and work ( Figure 7D ) versus wild type. To confirm the role of enhanced β1-AR signaling, we blocked β1-AR signaling 90 minutes before exercise challenge by treating with the β1-specific antagonist metoprolol (5 mg/kg) intraperitoneally. The enhanced exercise work in the β2 −/− was significantly decreased with β1-AR blockade ( Figure 7D ), additional evidence that mitochondrial fission and fragmentation play a major role in cardiac exercise adaptation.
Discussion
Mitochondrial fission has traditionally been associated with pathological stress and with impaired mitochondrial function; however, more recent studies have suggested a role for mitochondrial fission in normal cardiac homeostatic regulation. 6, 8, 10 In the current study, we demonstrate that cardiac mitochondrial fission and fragmentation is not limited to pathological states and is a component of normal physiological regulation of mitochondrial function during physiological stress, such as submaximal exercise. This is consistent with recent reports that have suggested that fission is necessary for normal mitochondrial quality control 5 ; however, because these studies have relied on genetic manipulation, for example, Drp1 ablation, or were done in a pathological context, our study is the first to demonstrate a role for mitochondrial fragmentation in normal cardiac physiology. As a positive mediator of mitochondrial energetics, physiological fragmentation is essential for reaching maximal exercise performance. When mitochondrial fission and fragmentation were blocked with the Drp1 inhibitors P110, Mdivi-1, or by short-term conditional cardiac-specific Drp1 knockout, exercise capacity was significantly decreased, there was an earlier shift to oxygen-independent mechanisms for ATP generation, as evidenced by time to anaerobic threshold, and there was a dramatic reduction in ATP synthase-dependent state 3 respiration. A similar effect of mitochondrial fission on bioenergetics has been reported by Benard et al, 47 who show that Drp1 silencing in HeLa cells decreases state 3 respiration, rate of ATP synthesis, and survival during glucose starvation. The reduction in mitochondrial function seen with Drp1 silencing may be because of its role in mitochondrial remodeling, opening the cristae, and expanding the intermembrane space. 47, 48 Prior studies in other cell systems support the concept that fission, fusion, and mitophagy are rapid enough processes to be operative within the time frame of physiological stressors, such as exercise. [49] [50] [51] One of the limitations of our study is that there is no method available to directly measure mitochondrial function during exercise in vivo, therefore our measurements were affected by the time delay required to isolate mitochondria from exercised mouse hearts. Thus, our finding of slightly increased mitochondrial function may be an underestimate of the degree to which mitochondrial function is augmented during exercise. Our critical finding here is that we see mitochondrial fission without a decrease in function.
The mitochondrial dynamic response to pathological stressors, such as ischemia/reperfusion injury (limited oxygen availability), doxorubicin toxicity (oxidative mitochondrial stress), or diabetes mellitus, (metabolic stress) have been published by our group and others, all showing activation of mitochondrial fission and fragmentation, increased ROS production, and the initiation of clearance of dysfunctional mitochondria through mitophagy/autophagy. 4, 23, 24, 33, 34 This is in contrast to physiological stressors such as submaximal exercise (increased metabolic demand) where ROS is not increased and mitochondrial membrane potential is maintained, preventing the activation of PINK1/parkin, and suppression of mitophagy. Interestingly, proautophagy ULK-1 is inactivated with submaximal exercise despite AMP-activated protein kinase activation. 52 ULK-1 inactivation may be mediated by phosphatases that are activated during exercise, for example, dual specificity protein phosphatase 1, which targets ULK1, 53 is expressed in the heart 54 and has been shown to become activated with exercise. 55 One prior study by He et al 36 has shown that autophagy is activated in the heart during exercise. In contrast, our model of submaximal exercise did not induce mitophagy or autophagy, supporting the concept that these processes are inactivated during submaximal exercise in the absence of mitochondrial dysfunction. One difference between our model and that of He et al 36 is that we exercised mice below their anaerobic threshold at 80% of their maximum capacity for 1 hour at a consistent speed of 20 m/min, without pre-training; whereas their study subjected mice first to 2 days of exercise training Figure 6 . β1-adrenergic receptor (AR) signaling enhances mitochondrial respiration in HL-1 cells, which is opposed by both β2-AR and β3-AR signaling. A, Isoproterenol (ISO) increased basal, maximal, and ATPase-driven respiration in a dose-dependent manner starting at 1 μmol/L (n=5/group). B, This increase was blocked by CGP and further increased by ICI (n=4/group). ISO increased Drp1 (dynamin-related protein 1) mitochondrial translocation, which was blocked by CGP. ISO also significantly increased ATP production (n=7/ group). C, ISO-enhanced respiration was synergistically increased with the β3-AR antagonist L748 337 and blocked with propranolol (β1/β2 antagonist; n=5/group). D, Inhibition of mitochondrial fission with Mdivi-1 (mitochondrial division inhibitor) blocked ISO-induced increase in mitochondrial respiration (n=5/group).
(8-10 m/min for 5-10 minutes at 10° incline) and then to maximum exercise on day 3. Periods of exercise training have been shown to induce autophagy in other studies. 56 To examine whether the difference in autophagy in our study from that of He et al 36 was because of levels of exercise stress, we exercised mice to maximal capacity, showing that this also induces fission, without an increase in parkin (although unlike in our studies with submaximal exercise, parkin did not decrease) and still without evidence of autophagy (Online Figure IIIC) . Thus, although there may be a tiered level of mitochondrial fission which occurs with exercise, where submaximal exercise induces physiological fragmentation without mitophagy/ autophagy to enhance respiration, and extreme/maximal exercise induces a higher level of fission, we still do not see activation of autophagy in any of our models. Kruse et al 57 have shown similar findings in skeletal muscle from patients subjected to submaximal exercise (1 hour at 70% VO 2 max), where Drp1 is activated immediately after exercise, but LC3 is decreased. Critically, LC3 is only increased after a 3-hour postexercise period, 57 suggesting that autophagy may be a feature of recovery from exercise. There are several other differences that could explain the divergence in our results from those of He et al. 36 Our submaximal exercise study was done on an FVB/NJ background while that of He et al 36 was done on a C57Bl/6 background, which has been shown to have reduced total exercise capacity compared with FVB/NJ, 58 so that similar exercise protocols could have led to increased stress in the C57Bl/6 mice. Importantly, we have also found that autophagy-related proteins increase rapidly (as early as 5 minutes) in the period of recovery from submaximal exercise (data not shown), thus making it necessary to harvest cardiac tissue immediately to assess the true state of autophagy during exercise. Finally, we cannot rule out the possibility of changes in autophagic flux during acute submaximal exercise because we were unable to demonstrate an increase in autophagic markers after chloroquine treatment in the absence of major additional stressors, such as ischemia or starvation. Despite this limitation, we still see no evidence of activation of mitophagy because PINK1 and parkin levels decrease with acute exercise and most importantly mitochondrial membrane potential and function are preserved.
We further show that physiological fragmentation is mediated, in part, by increased β1-AR signaling, activating Drp1, and increasing mitochondrial respiration. We confirmed this by cotreating cells with Mdivi-1 and isoproterenol, which resulted in the blockade of the isoproterenol-stimulated mitochondrial respiration. These data provide further evidence that physiological mitochondrial fragmentation is associated with enhanced, rather than degraded, mitochondrial function. Interestingly, treatment with the β2-AR antagonist ICI or the β3-AR antagonist L748 337 results in a greater increase in mitochondrial respiration above isoproterenol alone. ICI blocks both β2-AR-G stimulatory protein (Gs) as well as β2-AR-Gi signaling, thus enhancing β1-AR-Gs signaling. 59 The β3-AR has also been shown to couple to Gi. 46 Thus, treatment with isoproterenol+ICI or L748 337 results in greater stimulation of β1-ARs, resulting in the observed increased respiration above isoproterenol alone. Finally, β3-AR receptor signaling is known to activate mitochondrial fusion pathways in brown adipose tissue, 42 which could potentially oppose β1-ARinduced mitochondrial fission in the heart. However, β3-ARs are expressed at low levels in ventricular myocytes of mice 60 and humans. 61 Thus, the effects of β3-AR signaling may not be as important in the exercising heart as in other tissues.
Another model of fragmentation in the absence of pathology is the β2-AR knockout, where β1-AR signaling is not increased, but is unopposed by β2-ARs, including inhibitory G i signaling. 41 These mice have marked mitochondrial fragmentation without evidence of mitochondrial functional impairment, normal cardiac structure and function, and enhanced exercise capacity, which is blocked by β1-AR inhibition, confirming our in vitro findings of β1-AR subtype-specific regulation of mitochondrial dynamics, and providing further evidence of the process of physiological fragmentation. One limitation of this part of our study is the inability in vivo to selectively block the effects of β1-AR stimulation on mitochondrial fission as opposed to the global effects of β1-AR stimulation on cardiac function. Thus, the β1-AR receptormediated increase in fission that we clearly show in vitro may be only one of the pathways mediating this process in vivo, for example, as evidenced by the lack of an effect of metoprolol on total exercise capacity in wild-type mice ( Figure 7D ), and the normal exercise capacity we have previously shown in the β1-AR −/− mice. 62 Other pathways that may play a role in exercise-induced fission include the β3-AR and AMP-activated protein kinase signaling pathway. However, in the setting of the β2-AR −/− , on a background of increased fission and fragmentation at rest, the important role of the β1-AR receptor in mediating mitochondrial fission is demonstrated.
Mitochondrial fragmentation can be viewed as an active process (cleavage of individual mitochondria) or a morphological outcome (the presence of more numerous and smaller mitochondria), and the two are not necessarily equivalent. The bizarre mitochondrial morphology ( Figure 4C ), which we have dubbed "puzzle piece mitochondria," induced by exercise in Drp1 −/− mice, suggests that mitochondrial fission was being actively stimulated by exercise but that the process was interrupted before mitochondrial division. This is further evidence for a more complex role for mediators, such as Drp1.
In conclusion, we have shown that mitochondrial fragmentation is a component of the cardiac response to physiological increases in energetic demand as encountered during normal levels of exercise. In contrast to pathological fragmentation, physiological mitochondrial fragmentation enhances mitochondrial function and deactivates mitophagy, the first demonstration of a positive role for fission in normal, nonpathological, nongenetically manipulated cardiac physiology (Online Table II ). Whether physiological fragmentation can be harnessed pharmacologically as a preventive or treatment of cardiovascular disease remains to be determined although some of the cardiovascular benefit of exercise could be mediated by this mechanism.
